Droplet evaporation of multicomponent droplets is essential for various physiochemical applications, e.g. in inkjet printing, spray cooling and microfabrication. In this work, we observe and study phase segregation of an evaporating sessile binary droplet, consisting of a mixture of water and a surfactant-like liquid (1,2-hexanediol). The phase segregation (i.e., demixing) leads to a reduced water evaporation rate of the droplet and eventually the evaporation process ceases due to shielding of the water by the non-volatile 1,2-hexanediol. Visualizations of the flow field by particle image velocimetry and numerical simulations reveal that the timescale of water evaporation at the droplet rim is faster than that of the Marangoni flow, which originates from the surface tension difference between water and 1,2-hexanediol, eventually leading to segregation. i arXiv:1801.09885v1 [physics.flu-dyn]
The evaporation of a sessile droplet has attracted a lot of attention over the past years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , not only from a fundamental scientific perspective, but also because of many technological and biological applications, such as inkjet printing [16] , nanopatterning depositions [17] , and DNA stretching [18] . Within the whole class of problems, the so-called "coffee-stain effect" which was presented to the scientific community 20 y ago [2] , has become paradigmatic.
The problem and its variations keep inspiring the community. This holds not only for the evaporation of liquids with dispersed particles [12, 19] , but also for that of liquid mixtures, including binary and ternary mixtures [15, [20] [21] [22] [23] . In recent work on an evaporating Ouzo drop (a ternary mixture of water, ethanol and anise oil), Tan et al. [15] showed that a phase transition and the nucleation of oil microdroplets can be triggered by evaporation. The reason for the nucleation lies in the varying solubility of oil in the ethanol-water mixtures: the high evaporation rate at the rim of the droplet together with the higher volatility of ethanol as compared to water causes an oil oversaturation at the rim, leading to localized oil microdroplet nucleation. The oil microdroplets are advected over the whole drop by Marangoni flow and further droplets later nucleate in the bulk. Finally, the microdroplets are jammed and coalesce during the further evaporation process, eventually leading to the formation of a separated oil phase in the remaining binary water/oil droplet. Liquid-liquid phase separation during evaporation not only occurs for Ouzo droplets, but is omnipresent in nature and technology [24] [25] [26] [27] .
In this work, we study segregation within an evaporating 1,2-hexanediol/water miscible binary droplet. 1,2-hexanediol is used in a variety of applications, such as co-surfactant for modifying the sodium dodecyl sulfate (SDS) micelles [28] and oil solubilization in ternary systems [29] . The features of its aqueous solution are widely studied in many previous papers [30] [31] [32] , which show that 1,2-hexanediol molecules form micelle-like aggregates characterized by a critical micelle concentration (CMC) in aqueous solutions, leading to an almost constant surface tension above the CMC [33] . Compared with water, 1,2-hexanediol is non-volatile under room conditions, implying a preferred evaporation of the more volatile water during the drying process. However, to the best of our knowledge, the segregation of the miscible 1,2-hexanediol and water during the evaporation process has never been observed, nor studied. In this paper, we explore experimentally and numerically the mechanism of segregation of 1,2-hexanediol from the miscible water, that is found to be triggered by selective evaporation.
ii We begin with the visualization of the distribution of the mixture components during evaporation by labelling water and 1,2-hexanediol with the fluorescent dyes dextran and nile red, respectively. A dyed 0.5 µL binary droplet with initial 10% mass concentration of 1,2-hexanediol (around the CMC [33] ) is deposited on a transparent hydrophobic octadecyltrichlorosilane (OTS)-glass surface, while monitoring its evaporation under ambient conditions with confocal microscopy from side and bottom (see supporting information).
The contact angle of the droplet varies between 43
• and 23
• during the whole evaporation process, measured by bright-field imaging from side view. Fig. 1 presents the segregation process of the evaporating binary droplet. In the beginning the droplet is homogeneously mixed, as revealed by the uniformed green colour over the surface and on the bottom (Fig.   1A,1A ). About 34 s after deposition, 1,2-hexanediol microdroplets nucleate at the rim of the droplet, revealed by the yellow colour (Fig. 1B,1B ) . During further evaporation, the nucleated microdroplets of 1,2-hexanediol grow and coalesce, which forms star-shape binary mixture area revealed in blue colour (Fig. 1C,1C ) . Eventually, 1,2-hexanediol covers the whole surface of the droplet and the evaporation process stops with some water being entrapped by the 1,2-hexanediol (Fig. 1D,1D ) . From comparing the initial and the final size, we calculate that approximately 96% of the water has evaporated while 4% got trapped.
To obtain insight into the segregation process, we record the evolution of the flow field within the evaporating binary 1,2-hexanediol/water droplet by particle image velocimetry (PIV) combined with confocal microscopy. For a first qualitative understanding, we added 1 µm diameter fluorescent particles at a concentration of 5 × 10 −5 vol%, which is much less than the particle concentration required for a quantitative PIV measurement [22, 23] . The whole droplet and all particles were illuminated: particles near the substrate (pink colour)
were in focus of the camera; the grey or transparent objects were out-of-focus particles and reside in the upper part of the droplet.
Initially, the flow is directed radially outwards near the substrate (see Fig 2A) . In this phase, only water evaporates from the binary droplet and the droplet is thin, H/L 1, where the droplet height H is approximately 60 µm and droplet footprint diameter L is about 600 µm. Therefore, due to the relative high concentration of 1,2-hexanediol caused by the singularity of the water evaporation rate at the rim of the sessile droplet [6] , a Marangoni flow is driven from the contact line to the apex of the droplet by the surface tension gradient, which originates from the concentration variation along the surface. Note that the surface iii tension of 1,2-hexanediol aqueous solution is monotonously decreasing with 1,2-hexanediol concentration when it is lower than the CMC [33] . As a consequence, a convective flow inside the droplet is driven by the Marangoni flow and water is transported to the contact line by radial outflow near the substrate. However, here the convective flow within the droplet is not sufficient to compensate for the evaporative water loss near the contact line. The typical outwards flow velocity shortly after deposition is U ≈ 1 µm/s, implying a Reynolds number Re = ρHU/µ ≈ 10 −5 , where ρ ≈ 10 3 kg/m 3 is the liquid density and µ ≈ 10 mPa s is the viscosity. We compare the time scales of evaporation t ev ∼ ρLH/(D w,air ∆c w ) [34] with that of convective Marangoni flow t Ma ∼ L/U on the surface:
where D w,air = 2.4×10 −5 m 2 /s is the diffusion coefficient of water vapor at room temperature iv and ∆c w ≈ 10 −2 kg/m 3 is the vapor concentration difference from the air-liquid interface to the surrounding air. The small ratio t ev /t Ma 1 indicates that the water loss due to the evaporation cannot be replenished by convective flux. Therefore, the concentration of 1,2-hexanediol near the contact line keeps increasing due to the insufficient compensation by the water due to the low convective flow.
In the second phase, after about 18 s (Fig. 2B) , all particles, which had accumulated at the contact line, released and simultaneously moved upward along with the Marangoni flow [22, 35] . They move along the liquid-air interface due to the hydrophilicity of the particles and the diol accumulation at the rim. In the third regime (Fig. 2C) , the particles floating on the upper layer formed a star shape which is revealed by the orange dashed line, and then flowed down to the bottom of the droplet through the shape of fingers of a star.
Compared with the observations in Fig.1 , the star shape corresponds to the blue part in uniformly with no particles accumulating at the edge when evaporation fully stops (Fig. 2D) .
To obtain a quantitative analysis of the flow field during evaporation, we add 520 nm diameter fluorescent particles at a concentration of 2 × 10 −3 vol% into the droplet. The flow speed U and the wall-normal vorticity ω = ∂ x u y − ∂ y u x for the in-plane velocity (u x , u y ) are measured during the whole evaporation process. Also from the evolution of the mean vorticityω, the different life phases of the evaporation can be identified, now even quantitatively, becomes irregular and then vanishes at the end of the evaporation process.
Sessile droplet evaporation is a diffusion-dominated process driven by the concentration gradient of the droplet's constituent(s) from the droplet interface towards the surroundings.
The case of a pure evaporating sessile droplet has analytically been solved by Popov [5] , see the supporting information. and can only be treated numerically. Several generalizations are necessary to adopt Popov's model to a multi-component droplet. Since these generalizations are described in detail in several recent publications [15, 23, [36] [37] [38] , only a brief overview of the model is given in the following, focusing on the case of the present binary mixture.
As 1,2-hexanediol is non-volatile, only the evaporation rate of water has to be determined.
However, in contrast to the case of a pure water droplet, where the water vapor concentration c w is saturated directly above the liquid-gas interface, i.e. In case of a pure droplet, or for a multicomponent droplet in the presence of a very intense Marangoni flow, it is sufficient to keep track of the total mass of each species over time to predict the volume evolution [36, 38] . Here, however, the Marangoni flow is weak and segregation occurs, so that an explicit spatio-temporal dependence of the local liquid composition emerges. Hence, the convection-diffusion equation for the water mass fraction Y w has to be solved inside the droplet:
The mass density of the liquid ρ and the diffusivity D are composition-dependent quantities,
i.e. ρ(Y w ) and D(Y w ). The evaporation rate of water enters Eq. (1) as interfacial sink term
The advection velocity u is obtained from the Stokes equation, subject to a no-slip boundary condition at the substrate, the kinematic boundary condition considering evaporation, the Laplace pressure in normal direction at the liquid-gas interface, and the Marangoni shear stress that arises due to the composition-dependent surface tension σ(Y w ) in tangential direction at the liquid-gas interface. Furthermore, the composition-dependence of the dynamic viscosity µ(Y w ) has to be considered. For the composition-dependence of the liquid's material properties, we have fitted experimental data and/or used models. More details and plots of these relations can be found in the supplementary information.
The resulting set of coupled equations can be solved numerically with a finite element method [23, 37, 38] . We restrict ourselves to axial symmetry. Since the evolution of the contact angle is determined by microscopic interactions at the contact line, it cannot be predicted by the model. Instead, the experimentally measured evolution of the contact angle was imposed throughout the simulation, see Fig. 4A .
In the two liquids due to the complexity of the diol's solubility in water. Indeed, 1,2-hexanediol can mix with water at any concentration without phase separation in equilibrium due to the formation of micelles-like aggregates. However, in the dynamic system of an evaporating droplet, the continuous loss of water leads to large fluctuations through mutual attractions of micelles within the new 1,2-hexanediol phase, which eventually forms the nucleation of x 1,2-hexanediol [39] . From an energetic point of view, it is likely that the separated 1,2-hexanediol phase has the same, or at least a very similar, chemical potential as the mixed phase in the droplet [27] . Stochastic fluctuations then lead to the phase separation. Our findings offer new perspectives to understand how surfactants act in an evaporating system, and may inspire further studies of complex dynamical aspects associated with microdroplet nucleation. 
